Abstract A directional coupler in a miter bend was designed to monitor the microwave power of the transmission line in an electron cyclotron resonance heating (ECRH) system. It is based on aperture-coupling theory and simulation of an electromagnetic (EM) field to design and optimize the 140 GHz high-power directional coupler. In addition, we simulated the double-aperture directional coupler by using three-dimensional (3D) EM simulation software, in which the central frequency is 140 GHz, coupling factor is about -70 dB, and directivity is greater than 17dB. The results show that such a coupler is a viable tool for power measurement in high-power transmission systems.
Introduction
Microwave power is a very important parameter in an electron cyclotron resonance heating (ECRH) system, which reflects the scale of the system. We can obtain some parameters of the system, such as output power of the microwave source, power loss in the mode converter, and transmission efficiency of the transmission system, by measuring the microwave power.
Fluid calorimetry is widely used to monitor the microwave power of millimeter-wave long-pulse highpower microwaves in systems such as Heliotron J of Japan, the ECRH system of the D -D device in the USA, and the ECRH and CD (current drive) system in the ITER device [1−3] . Firstly, microwave power is converted into thermal energy in the fluid calorimetry. Secondly, microwave power is obtained by measuring changes of water temperature of the high-power water load or corresponding parts. We can calculate average power based on pulse time. However, the temperature drift of a water load as a result of external environment changes will influence the measuring result.
A new-style directional coupler has been developed recently for use in microwave power measurement, mode selection, and identification [4−6] . A 5-port coupler is representatively integrated into the mirror of a miter bend. Five leaky wave antennas form individual couplers, and the radiation is picked up by standard millimeter-wave horn antennas, which are mounted on an insulation bracket attached to the miter bend block. However, such devices are difficult and expensive to manufacture.
We focus on a method in which the transmitted power of the ECRH transmission line is partly coupled by a directional coupler and then the coupled power is measured by a millimeter-wave power meter. Finally, the transmitted power is calculated based on the coupling factor and directivity of the directional coupler. The pass-type measurement system via aperturecoupling avoids the influence of the external environment, so it has received increasing attention [7−9] .
2 Structure of the power monitoring miter bend
For simple power measurement in corrugated waveguides at 140 GHz [10, 11] , directional couplers in miter bend mirrors can be used based on the aperturecoupling theory. A compact solution for a waveguide coupler employs a fundamental waveguide integrated below the mirror surface and coupled to a millimeterwave power meter via apertures, as shown in Fig. 1 .
Input and output corrugated waveguides are directly machined in an aluminum housing. The apertures are produced by drilling holes into the mirror surface. The waveguide coupler is integrated into the mirror by standard milling of the waveguide channel with subsequent closing of the waveguide by electroforming and final ma-chining of the mirror surface [6] . Within the waveguide run, the insert has two outputs with flanges UG-387/U-M at the rear side of the mirror. In the present coupler mirror, the coupling waveguide is oriented upright.
The transmitted power of the corrugated waveguide is calculated based on the magnitude of power indicated by the power meter. Measuring error comes only from the power meter's error and the calibrated error of the coupling factor. So, the millimeter-wave high-power directional coupler needs to be designed and optimized to improve measuring stability.
3 Aperture-coupling directional coupler
Aperture-coupling theory
The aperture-coupling directional coupler is mainly based on aperture diffraction theory and the phase superposition principle. Coupling via apertures between the primary and the auxiliary waveguide requires that the normal electric field components and/or the tangential magnetic field components co-exist in the same direction, and these components are simultaneously nonzero at the location of the apertures [12] . When the EM wave is coupled to an auxiliary waveguide from primary waveguide via apertures, the coupling strength of a single aperture is:
where a ± are coupling strength of the forward and backward waves in the auxiliary waveguide, respectively; k is power conversion coefficient; p n , m u , m v are electric polarizability and magnetic polarizability, respectively;
are electromagnetic field amplitude coefficients of the primary and auxiliary waveguides; ω is the angular frequency; a z is the propagation direction of the Poynting vector; h is the normalized magneticfield component; h * is the conjugate complex number of h; e is the normalized electric-field component.
Parameters of the directional coupler
As shown in Fig. 1 , we now assume that the input power of the coupler's input port 1 is P 1 , the output power of the main line output port 2 is P 2 , the output power of the coupling output port 3 is P 3 , the output power of the isolated port 4 is P 4 , and then the related parameters of the directional coupler can be expressed as follows [13] . 
S 31 indicates the transmission coefficient from main line input port 1 to coupled output port 3.
(ii) Directivity
S 41 indicates the transmission coefficient from main line input port 1 to isolated port 4. Ideally, the output power of the isolated port P 4 =0, D = ∞. We would like to have a high directivity for the directional coupler-the higher the better, generally. So, a minimum directivity requirement needs to be put in place, in practice.
(iii) Voltage standing wave ratio (VSWR) of the input port
S l1 indicates the reflection coefficient of the main line input port when the other ports are matched loads. It requires the VSWR to be as small as possible.
(iv) Working frequency band Working frequency band, short for bandwidth, refers to the working frequency range that meets the above parameter requirements of the directional coupler. It requires wide bandwidth-the wider the better, usually.
Double-aperture directional coupler design and simulation analysis
The high-power directional coupler requires loose coupling, good directivity, a small VSWR, and a large power capacity, so a rectangular waveguide is chosen as the transmission carrier for its big power capacity. Aperture coupling is a very typical coupling manner in all kinds of coupling methods, and double-aperture coupling is very suitable in the case of loose coupling, especially. What is more, a double-aperture directional coupler is easier to design because of its simple configuration and fewer parameters.
Aperture-coupling structure design
For most waveguide directional couplers, coupling is realized by coupling apertures fabricated in the common wall between the primary and the auxiliary waveguides. This method, in which the electromagnetic energy of the primary waveguide is coupled to the auxiliary waveguide through coupling apertures, can realize directional coupling. The coupled port output power is determined by the coupling aperture's size, shape and location in the auxiliary waveguide.
The designed coupler is a four port aperture-coupling directional coupler, of which the primary waveguide is a corrugated circular waveguide, and the auxiliary one is a rectangular waveguide. On the back of the corrugated waveguide 90 o miter bend, microwave power is coupled to the rectangular waveguide via apertures.
Influencing factors of the coupler's performance are the corrugated waveguide's size, aperture radius, aperture thickness, aperture pitch, the rectangular waveguide's width and narrow edge size. The size of the corrugated waveguide needs to match the microwave source size, as shown in Fig. 2 , inner diameter b=63.5 mm, depth h=0.41 mm, period p=0.66 mm, width w=0.46 mm, outside diameter c=76.2 mm. The standard rectangular waveguide R1400 is chosen, with a nominal width of 1.651 mm and a nominal height of 0.826 mm. When the coupling is realized through multiple apertures, the total coupling is not only dependent on each aperture's coupling strength determined by the aperture diffraction theory, but also related to the phase of each aperture coupling incentive wave. Directivity of the double-aperture directional coupler is achieved by the mutual interference of each coupling aperture's coupled wave. In order to obtain high directivity, the coupling aperture's size, shape and pitch are strictly controlled, so that the coupled wave has output in a coupled port for in-phase superposition, and no output in an isolated port for reverse phase offset.
Design index and structure parameters
The designed frequency range is 138-142 GHz, note that a relatively high coupling factor is used to get a sufficient SNR (signal noise ratio) for the low-power test, couplers for high-power use [14] are typically designed with coupling factors in the range of 70 dB to 80 dB, coupling flatness<1.5 dB, directivity>17 dB and VSWR< 1.2.
The structural parameters of the designed doubleaperture directional coupler: aperture radius is 0.23 mm, aperture thickness is 0.3 mm, aperture pitch is 0.75 mm, corrugated waveguides inner diameter is 63.5 mm, and the auxiliary waveguide is a standard R1400 rectangular waveguide.
Software simulation analysis
The double-aperture coupling model is simulated by 3D high frequency EM simulation software at 138-142 GHz. In the coupler, the incident wave is input from port 1, and the coupling output port is port 3, the excited wave is transmitted in the rectangular waveguide.
As shown in Fig. 3 , the directivity of the doubleaperture directional coupler D ≥17.2 dB in the whole frequency range, and it is most ideal (≥25 dB) near the central frequency. However, when the operation frequency is off the central frequency, directivity will fall rapidly; this is mainly because of the mutual interference of the two coupled waves. The opposite phase offset can be realized only at a specific frequency point. However, it is possible to improve the frequency characteristics of the directivity [12] by increasing the number of coupling apertures in a multiple-aperture coupling directional coupler, i.e. by increasing the number of interferential coupled waves. Figs. 4 and 5 are the coupling factor and VSWR of the input port, respectively. At the central frequency 140 GHz, the coupling factor is 70.761 dB, and the coupling factor flatness is less than 1.5 dB in the whole frequency range. The input port VSWR is less than 1.08, an ideal result. 
Measuring error estimation
Since the error of the whole measuring system comes mainly from the measurement error of the millimeterwave power meter itself and the calibration error of the coupling factor, we ignore the latter to estimate the designed monitoring system error. The transmission power of the transmission line is 1 MW, and the millimeter-wave power meter accuracy is 2%. Combined with the simulation and calculation results, the system measurement error is ±1%, approximately.
Conclusion
The present paper detailed the design of a kind of power measuring system for ECRH transmission line microwave power monitoring, by combining a millimeter-wave power meter with an aperture-coupling directional coupler. We first analyzed the millimeterwave band high-power directional coupler. By theoretical analysis and simulation via software, we finally determined the size of double-aperture coupling device for a transmission frequency of 138-142 GHz. The experiments and tests will require a high standard of testing instruments and corresponding data fittings, because loose coupling as well as high directivity makes the test signal quite weak. Otherwise, it will have a strong impact on the measurement accuracy, which needs much attention.
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